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ABSTRACT: An integrated modeling approach was developed to investigate coupled thermal, hydrological,
and chemical (THC) processes around proposed nuclear waste emplacement tunnels at Yucca Mountain, Ne-
vada. The approach involves the development of process models, followed by numerical implementation and
validation against field and laboratory experiments, then long-term predictive simulations. An existing reac-
tive transport numerical code was refined and validated to evaluate the chemistry of waters around the tunnels
and the effect of water-rock interaction on hydrological behavior around the repository. At liquid saturations
significantly larger than residual, no extreme pH or salinity values were predicted. Mineral precipitation
around the tunnels consists mainly of silica with minor calcite, trace zeolites and clays. The effect of mineral
precipitation on flow depends largely on initial fracture porosity, and results in negligible to significant diver-
sion of percolation around the tunnel. Further analyses of model uncertainty are under way to improve confi-

dence in model results.

1 INRODUCTION

Assessing the long-term performance of geologic
nuclear waste repositories requires evaluating the ef-
fects of coupled thermal, hydrological, and chemical
(THC) processes for time periods lasting thousands
of years. To reach this goal and gain confidence in
our predictive ability, an integrated modeling ap-
proach was developed (Fig. 1). This approach in-
volves comparing the results of “hard” field and
laboratory data to predictive modeling results. This
is especially important because reactive transport
simulations are computationally intensive, limiting
the number of runs that can be performed to assess
model uncertainty. As part of this approach, an ex-
isting  reactive  transport  numerical  code
(TOUGHREACT; Xu & Pruess, 2001) was further
developed and “validated” for applications specific
to nuclear waste disposal (e.g. Xu et al. 2001; Spy-
cher et al. 2003a & b). This simulator considers wa-
ter, vapor, air, and heat transport; reactive gas, min-
eral, and aqueous phases; porosity-permeability-
capillary pressure coupling; and dual (fracture-
matrix) permeability. The simulator and modeling
approach were applied to the proposed high-level
nuclear waste repository at Yucca Mountain to
evaluate seepage water chemistry and the effect on
long-term hydrological behavior around the reposi-
tory, as discussed below.

2 MODELED COUPLED PROCESSES

The proposed repository at Yucca Mountain will be
located in fractured, welded volcanic tuffs, several
hundred meters above the regional water table. The
fracture permeability in these tuffs (10"°~107> m?) is
several orders of magnitude higher than the rock
permeability (10— 10" m?). In these unsaturated
tuffs, water is held mainly in pores of the rock ma-
trix (liquid saturation ~ 0.8-0.9). Upon waste em-
placement and subsequent heating (due to radioac-
tive decay), the matrix water will boil and travel as
vapor in fractures. In cooler regions around the re-
pository, it will condense and drain back towards the
boiling zone. This continuous boiling and refluxing
of water is anticipated to induce mineral dissolution
and precipitation, and alter the chemical composi-
tion of pore waters surrounding emplacement tun-
nels (drifts). A summary of these processes and ref-
erences to their study using modeling at Yucca
Mountain is given in Spycher et al. (2003a).

The coupled processes were investigated using un-
derground thermal tests and laboratory experiments.
THC simulations of the Drift Scale Test (Sonnenthal
2003, Xu et al. 2001) and of plug-flow reactor and
fracture sealing experiments (Kneafsey et al. 2001,
Dobson et al. 2003) provided the basis for model
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Figure 1. Schematic diagram of integrated modeling approach.

validation. Long-term simulations of the system un-
der ambient thermal and hydrological conditions
(without a repository) were also conducted to com-
pare model results with observed data, and further
refine the model as necessary to reasonably repro-
duce these data. Long-term (100,000 years) predic-
tive analyses were then carried out to evaluate the
effects of coupled THC processes around a typical
nuclear-waste emplacement drift under heat load.

3 SIMULATION RESULTS

Initial results from simulations of long-term coupled
THC processes were presented in Spycher et al.
(2003a) for two potential repository temperature op-
erating modes. Details on the numerical model and
the geochemical system considered can be found in
this reference. Here, we use the same model setup
and focus on the evolution of water chemistry and
mineral alteration in the most liquid-saturated region
within fractures above a typical waste emplacement
drift, for operating conditions leading to tempera-
tures above boiling (Fig. 2) (Spycher et al. 2003b).

The zone of highest liquid saturation in fractures
above the modeled drift is not stationary. Initially, it
is adjacent to the drift crown, because percolating
water builds up at this location due to the capillary
barrier at the wall of the open drift (from ~ 0 to 50
years). As the temperature rises, a boiling front
eventually develops and migrates several meters
away from the drift wall (~from 50 to 600 years).
During this time and until the boiling front collapses
back to the drift wall (at ~ 2000 years), liquid satura-
tions build up above the expanding and then reced-
ing boiling front (Fig. 3).

Time profiles of predicted temperature and chlo-
ride concentrations (Fig. 4) show that fracture water
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Figure 2. Predicted temperature profiles at the drift wall and
waste package surface. Ventilation of the drift occurs for
the first 50 years.
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Figure 3. Contour plot of predicted liquid saturation (gray
scale) and temperature (contours in °C). The emplacement
drift is centered at (0,0) (white circle).



in this dynamic zone undergoes three distinct stages.
First, dilution occurs while matrix water boils and
condenses in fractures (from ~ 50 to 150 years). Be-
cause capillary forces are higher in the matrix than
in fractures, the boiling front in the matrix stops ex-
panding earlier than in fractures (at ~ 150 versus 600
years) and, eventually, no more steam is generated
from boiling matrix water. Evaporative concentra-
tion then takes place (from ~ 150 to 600 years) un-
der near-constant (boiling) temperatures as continu-
ous boiling, condensation and refluxing take place in
fractures. Finally, water compositions slowly return
to ambient concentrations as the boiling front col-
lapses towards the drift.

Profiles of predicted concentrations of aqueous
species divided by chloride concentrations are useful
in distinguishing between evaporation/dilution and
mineral precipitation/dissolution effects (chloride is
not reactive as opposed to other species) (Fig. 5).
During the dilution stage, the predicted increase in
Ca/Cl is indicative of calcite dissolution by mildly
acidic condensate (from CO, volatilized from matrix
water and then dissolved in condensate in fractures).
Na/Cl also increase but much less than Ca/Cl, as the
result of minor feldspar dissolution. These trends re-
verse during the evaporative concentration stage as
calcite and sodium aluminosilicates precipitate. Cal-
cium concentrations are slower to return to ambient
values because calcite precipitation continues when
waters are heated up as they percolate towards the
drift.

A thin zone of mineral precipitation forms above
the drift resulting in permeability reductions of
around 1-2 orders of magnitude, sufficient to deflect
the bulk of percolating water around the drift (Fig.
6). This zone consists primarily of amorphous silica
and minor calcite (Fig. 7), forming mainly from
evaporative concentration at the boiling front. Minor
amounts of clay and zeolites also form around the
modeled drift from alteration of feldspars, mostly in
the rock matrix. These simulations show more pre-
cipitation and effect on flow than earlier results
(Spycher et al. 2003a) because of model refinement
and smaller initial fracture porosity.

4 SUMMARY & CONCLUSIONS

To improve the level of confidence in long-term
simulations of coupled THC processes, predictive
modeling studies must be compared with “hard”
field and laboratory data. The approach imple-
mented here consisted of: (1) process model devel-
opment, (2) conceptual and numerical model devel-
opment, (3) design of field and laboratory tests for
model validation, (4) predictive analyses of test re-
sults, (5) test implementation, (6) comparisons of
experimental results to predictive analyses, (7)
model refinement and validation, and (8) model im-
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Figure 4. Predicted temperatures and chloride concentrations
for five runs using different input water compositions.
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Figure 5. Predicted ratios of calcium and sodium to chloride
concentrations for five runs using different input water com-
positions.

plementation for long-term predictive analyses.
Within this framework, an existing simulator was
applied and further refined to help evaluate the long-
term evolution of water compositions and mineral
alteration around waste emplacement drifts at Yucca
Mountain.

In fractures above the modeled drift, numerical
simulations predict no extreme pH or salinity values
while liquid saturations are significantly larger than
residual. The effect of mineral precipitation on flow
depends largely on initial fracture porosity and
original water composition, and can lead to perme-
ability reductions significant enough to affect flow
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Figure 6. Predicted permeability reduction and effect on flow. The liquid saturation plot also shows temperature contours in °C.

around the drift. Investigations are under way to fur-
ther assess model uncertainty and the implications
for long-term evaluation of repository performance.

REFERENCES

Dobson, P.F., Kneafsey, T.J., Sonnenthal, E.L. & Spycher, N.,
Apps, J.A. 2003. Experimental and numerical simulation of
dissolution and precipitation: implications for fracture seal-
ing at Yucca Mountain, Nevada. J. Contam. Hydrol. 62—63:
459-476.

Kneafsey, T., Apps, J.A. & Sonnenthal, E.L. 2001. Tuff disso-
lution and precipitation in a boiling, unsaturated fracture.
Proceedings of the 9" International High-Level Radioactive
Waste Management Conference, American Nuclear Society,
Las Vegas, Nevada, April 29-May 3.

Sonnenthal, E.L. 2003. The Drift Scale Test THC Model. In
Drift-Scale Coupled Processes (DST and THC Seepage)
Models, Chapter 7 (Spycher et al.), Berkeley Lab. Report
LBID-2478, Lawrence Berkeley National Laboratory, Cali-
fornia.

Spycher N.F., Sonnenthal E.L. & J.A. Apps 2003a. Fluid flow
and reactive transport around potential nuclear waste em-
placement tunnels at Yucca Mountain, Nevada. J. Contam.
Hydrol. 62—63: 653—-674.

Spycher, N., Sonnenthal, E.L., Dobson, P.F., Kneafsey, T.J. &
Salah, S. 2003b. Drift-scale coupled processes (DST and
THC seepage) models. Berkeley Lab. Report LBID-2478,
Lawrence Berkeley National Laboratory, California.

Xu, T. & Pruess, K. 2001. Modeling multiphase non-
isothermal fluid flow and reactive geochemical transport in
variably saturated fractured rocks: 1. Methodology. Am. J.
Sci. 301: 16-33.

Xu, T., Sonnenthal, E., Spycher, N., Pruess, K., Brimhall, G. &
Apps, J. 2001. Modeling multiphase non-isothermal fluid
flow and reactive geochemical transport in variably satu-
rated fractured rocks: 2. Applications to supergene copper
enrichment and hydrothermal flows. Am. J. Sci. 301: 34—
59.

Mineral Precipitation - Fractures
8.0

g 7.0 600 Years :
% 6.0 '
> 5.0 ——Calcite
240 ~ Gypsum
32 —a— Am. Silica
o 3.0 Salts
E 20, 4 X s Total
2 1.0

0.0 ¥ y —a

2.8 4.8 6.8 8.8

8.0
E 70 2400Years
3 :
o 6.0 1\ ——Calcite
= 5.0 =—Gypsum
a0 —a—Am. Silica

30 Salts
o - -+ Total
S20
r 2
2 1.0 L

0.0 ot tr—s e ——

2.8 4.8 6.8 8.8

Vertical Distance from Drift Center (m)

Figure 7. Dominant minerals predicted to precipitate in the
zone of permeability reduction above the modeled drift
(Figure 6). Note that the modeled fracture continuum ini-
tially contains 50% solids, such that the decrease in fracture
porosity is actually twice that shown.



